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PART  A:  The  Stabilization  of  Partially-Premixed  Jet  Flames  in  the  Presence  of  High  Potential 


Electric  Fields 


Abstract 

Numerous  research  efforts  have  focused  on  flame  stabilization  and  emissions.  Based  on  initial 
experiments,  specific  mechanisms  resulting  from  the  electric  fields  were  chosen  to  be 
investigated,  namely  the  chemical,  thermal,  and  ionization  mechanisms.  Numerical  simulations 
were  performed  on  premixed  propane-ozone-air  flames  to  characterize  ozone  effects  on  flame 
speed  resulting  from  the  formation  of  ozone  in  high  potential  electric  fields.  These  results  were 
compared  against  partially  premixed  flame  experiments  to  observe  the  dominant  influences 
within  leading  edge  stabilization  within  high  potential  electric  fields.  It  was  found  that  he 
electromagnetic  or  ionization  influences,  serve  as  the  dominant  effect  on  the  combustion  zone. 


Introduction 

Lifted  jet  flame  stabilization  and  emissions  control  have  become  key  issues  to  industrial 
boilers  and  energy  generation.  To  improve  the  stability  of  a  lifted  jet  flame  or  to  decrease 
emissions,  it  has  been  found  that  the  application  of  high  potential  electric  fields  provides  some 
useful  results  [1,  2,  3].  Previous  investigations  into  pure  jet  flames  have  focused  on  the  fluid 
dynamics  and  heat  transfer  influences  in  jet  flame  stabilization,  as  well  as  the  thermochemistry 
[4,  5].  The  lifted  jet  flame  problem  provides  a  unique  combustion  problem  with  premixed  lean, 
premixed  rich,  and  non-premixed  flames  occurring  simultaneously  at  different  positions  along 
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the  flame,  which  permits  the  stabilization  of  the  flame  at  a  downstream  location  from  the  jet 
nozzle.  Brown,  et  al.  detailed  the  stabilization  mechanisms  of  pure  jet  flames  at  different 
locations  relative  to  the  issuing  nozzle  (the  near,  mid,  and  far  field)  [6].  Reustch,  et  al. 
investigated  the  effect  of  heat  release  on  triple  flames,  the  confluence  of  a  premixed  rich, 
premixed  lean,  and  non-premixed  flame,  showing  that  accounting  for  heat  release  shows  a 
significant  increase  in  the  flame  speed  [7].  There  have  been  many  theories  involving  the  fluid 
dynamic  influences  in  lifted  jet  flames,  highlighted  in  Lyons’  review  of  experiments  in  flame 
stability  [8].  For  the  purpose  of  this  investigation,  the  turbulent  intensity  theory,  proposed  by 
Kalghatgi  [5],  and  the  large  eddy  theory,  from  Broadwell,  et  al.  [9],  will  be  considered  due  to 
considerations  on  fuel-mixing  within  the  experimental  setup.  The  turbulent  intensity  theory 
postulates  that  the  flame  speed  of  a  lifted  jet  is  augmented  by  the  presence  of  turbulence,  which 
increases  the  flame  speed  from  the  nominal  laminar  value,  to  a  higher  value,  listed  as  a  turbulent 
flame  speed  [5].  The  large  eddy  theory  describes  the  recirculation  of  hot  products  of  combustion 
into  the  cooler  reactants,  by  eddy  vortices,  to  increase  the  temperature  of  the  reactants,  therefore 
increasing  the  flame  speed  [9].  For  the  purposes  of  this  study,  a  non-premixed  flame  is  a  non-jet 
flame,  such  as  a  candle  flame  stabilized  on  the  flammable  limit  boundary  of  the  fuel  and  air,  a 
premixed  flame,  is  fully  premixed  fuel  air  mixture,  and  a  partially  premixed  flame  is  a  jet  flame 
issuing  from  a  central  nozzle  into  air  burning  with  attributes  of  both  premixed  and  non-premixed 
flames,  as  shown  in  previous  studies  including  those  by  S.H.  Chung  [10]. 

Prior  to  understanding  the  high  potential  electric  fields  influence  on  a  system  as  complex 
as  a  lifted  flame,  it  is  necessary  to  understand  how  the  electric  fields  influence  neutral  fluids.  In 
early  discussions  on  the  “ionic  or  electric  wind’  was  a  term  used  to  describe  a  fluid  flow  driven 
only  from  the  difference  in  electric  potentials  at  two  locations,  Chattock  [2]  and  Robinson  [11]. 
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To  produce  ionic  wind,  a  high  potential  combined  with  a  favorable  electrode  geometry,  forms  an 
ionizing  plasma  region  in  which  local  molecules  are  charged  [2].  These  particles  are  then 
attracted  to  a  secondary  electrode,  which  has  an  opposite  charge  [2].  This  creates  a  bulk  flow 
from  one  electrode  to  the  other,  as  described  by  Rickard,  et  al.  [12]  and  Carleton  and  Weinberg 
[13].  The  forces  of  this  bulk  flow,  F,  have  been  shown  to  be  equal  to 

F  =  Ee(n+-n_ )  (1) 


where  E  is  the  electric  field  vector,  e  is  the  fundamental  charge,  and  n  is  the  number  density  of 
positive  and  negative  ions,  as  denoted  by  the  subscript  [13].  The  local  current  density,  j,  can  be 
calculated  as 


j  =  j++  j  =  ( K+n+  -  K  n_)E e 


(2) 


where  K  is  the  electron  mobility  [13].  The  maximum  current  density  that  can  be  achieved  prior 
to  secondary  ionization  has  been  shown  to  be 


J  max 


=  (Eb  -Ec 


)*o 


K_ 

2x 


(3) 
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If  the  potential  between  the  primary  and  secondary  electrode  increases  beyond  a  critical  value,  at 
the  maximum  current  density,  the  discharging  at  the  secondary  electrode  occurs  at  a  rate  slower 
than  the  charging  at  the  primary  electrode.  The  secondary  electrode  then  assumes  a  charge, 
creating  a  reverse  flow.  The  charging  of  the  secondary  electrode  will  be  referred  to  as 
“secondary  ionization”  for  this  purposes  of  this  study,  which  can  be  observed  through  the 
formation  of  corona  discharges  on  the  secondary  electrode.  Beyond  the  formation  of  the  ionic 
wind,  it  has  been  observed  that  high  potentials  in  ambient  air  can  produce  ozone,  changing  the 
constituent  particles  of  air  [14].  . 

For  this  study,  the  impacts  of  the  electric  fields  on  a  lifted  jet  were  broken  down  into 
three  major  areas,  the  thermal,  ionic,  and  chemical  mechanisms  (resulting  from  the  electric 
fields),  results  in  changes  in  flame  stabilization.  The  chemical  mechanism  results  from  the 
changes  in  chemical  kinetics  and  species  present  resulting  from  the  high  potential  electric  fields, 
such  as  the  creation  of  ozone  in  ambient  air  in  electric  fields  or  the  changes  in  pollutant 
emissions  discussed  above.  This  mechanism  was  investigated  through  premixed  flame 
simulations  below  on  propane-air  flames  with  increasing  amounts  of  ozone  addition  in  the 
oxidizer.  The  thermal  mechanism,  where  the  electric  field  provides  resistive  heat  transfer  from 
the  current  passing  through  the  flame,  has  been  extensively  investigated  as  part  of  previous  jet 
flame  studies,  and  is  highlighted  below.  The  ionic  mechanisms,  such  as  the  ionic  wind  and  other 
ionic  transport  properties,  are  caused  by  the  electrohydrodynamic  forces  acting  within  the  flame, 
in  conjunction  with  the  applied  electric  field.  The  ionic  wind  has  been  observed  and  documented 
in  previous  research,  shown  in  the  discussion  of  the  ionic  wind  later  in  the  study.  A  graphic 
illustrating  the  effects  of  each  mechanism  is  shown  below  in  Fig.  1. 
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Fig.  1  Comparison  of  Dominant  Influences  Resulting  from  the  Application  of  Electric  Fields  to 

Lifted  Jet  Propane  Flames 


Experimental  Methods 

All  experiments  were  conducted  in  the  Reacting  Flows  and  Turbulent  Jets  Laboratory  in 
the  Department  of  Mechanical  and  Aerospace  Engineering  at  North  Carolina  State  University,  in 
conjunction  with  simulations  run  by  the  High  Pressure  and  Laser  Diagnostics  Laboratory. 

Experiments  on  partially  premixed  flames  used  propane  (CP  Grade,  99.0%  Pure)  issuing 
from  a  central  nozzle  with  an  inner  diameter  of  0.8255  mm  (.0325  in).  The  flow  rate  of  the 
propane  was  measured  through  a  King  7430  flowmeter  and  controlled  through  a  MicroLine  UHP 
Gas  Panel  controller.  The  primary  electrode  consisted  of  a  delrin  plastic  case  surrounding  a  10 
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AWG  solid  core  copper  wire  charging  up  to  12  needle  electrodes  on  the  same  loop,  though  only 
the  one  and  two  needle  electrode  setup  was  used  in  this  experiment,  as  shown  in  the  figure 
below.  The  secondary  electrode  was  the  nozzle  for  the  issuing  jet.  The  copper  wire  was  inlaid 
within  the  electrode  case  at  a  diameter  of  11.43  cm  (4.5  inches)  and  the  internal  diameter  of  the 
case  is  9.60  cm  (3.78  inches).  The  applied  voltage  was  created  using  an  Acopian  Positive  High 
Voltage  Power  Supply  (PO30HP2),  using  voltage  control  to  adjust  the  power  of  the  electric 
fields,  while  allowing  the  applied  current  to  vary  freely.  The  voltage  and  current  were  monitored 
using  dual  Agilient  Technologies  U3401A  Multimeters. 
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Fig.  2  Experimental  Apparatus  for  Lift  Jet  Flame  Experiments 


The  electrode  polarity  of  the  jet  flame  experiments  was  varied,  switching  between  a 
positively  charged  primary  electrode,  and  the  primary  electrode  acting  as  the  negatively  charged 
ground.  The  position  of  the  electrode,  relative  to  the  issuing  nozzle  was  held  constant  at  64.262 
mm  (2.53  inches)  above  the  nozzle  and  23.622  mm  (0.93  inches)  radially  from  center  of  the 


8 


nozzle  to  the  tip  of  the  needles.  The  setup  of  the  burner  is  shown  in  Fig.  2.  The  images  of  the  jet 


flames  were  taken  using  a  Nikon  D80  digital  SLR  camera  with  an  18-135  mm  Nikkor  Lens,  in 
order  to  observe  the  downstream  location  of  the  leading  edge  of  the  flame,  as  well  as  changes  in 
chemiluminescence.  The  downstream  location  was  determined  using  Adobe®  Photoshop® 
using  the  ruler  attached  to  the  burner  to  determine  a  comparable  length  scale. 

The  experimental  apparatus  above  is  electrically  insulated  at  the  base  to  prevent 
accidental  grounding,  and  all  experiments  were  conducted  with  a  shroud  placed  over  the  device 
to  isolate  the  influences  of  external  air  flows,  while  providing  access  to  outside  oxidizer,  as  well 
as  providing  protection  from  electrical  arching  during  the  experiment. 


Results  and  Discussion 
Diffusion  Flame  Experiments 

Initial  observations,  made  on  candle  flames  using  the  same  power  supply  from  the 
partially  premixed  flame,  from  the  experimental  apparatus  shown  were  made  to  prove  the 
effectiveness  of  high  potentials  to  adjust  flame  shape,  chemiluminescence,  and  the  possibility  of 
flame  suppression.  Using  paraffin  candles,  the  experiments  focused  on  qualitative  observations 
made  at  observed  voltages.  During  the  initial  testing,  the  flame  behavior,  shown  in  the  figure 
below,  was  observed. 
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V=  0  V  V=  5000  V  V=  10000  V  V=  15000  V=  20000 

1  =  0  pA  I  =  0.48  (iA  I  =  1.6  pA  kV  kV 

I  =  3.26  pA  I  =  6.2  pA 


Fig.  3  Comparison  of  Flame  Behavior  of  Attached  Diffusion  as  a  Function  of  Applied  High  Voltage 

In  this  single  needle  electrode  configuration,  it  was  observed  that  the  flame  was  repelled 
by  the  presence  of  the  high  potential.  This  effect  became  more  pronounced  at  higher  voltages. 
The  experiment  was  limited  to  20,000  V,  as  the  air  surrounding  the  electrodes  would  begin  to 
carry  a  charge  and  cease  acting  as  a  dielectric,  creating  sparks,  which  would  travel  between  the 
clamp  for  the  candle  and  the  grounded  ring.  While  the  candle  flame  responded  in  a  similar  way 
as  though  there  were  a  counterflowing  air  acting  on  the  system,  the  intermittent  flickering  that 
would  be  expected  from  a  diffusion  flame  in  a  flow  of  air  was  not  present,  but  rather  the  flame 
maintained  a  consistent  shape  at  each  applied  voltage. 

Further  observation  of  the  results  of  the  candle  flame  experiment  has  shown  that  not  only 
is  the  flame  shape  influenced  by  the  electric  field,  but  also,  the  products  of  combustion, 
specifically  soot  accumulation.  Fig.  4  is  a  still  image  taken  after  the  experiment  was  concluded. 
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Fig.  4  Attraction  of  Soot  Resulting  from  Applied  Electric  Field 


As  shown  in  Fig.  4,  there  is  a  pronounced  buildup  of  soot  on  the  grounded  electrode,  away  from 
the  needle.  This  effect  has  been  observed  in  other  experiments,  specifically  the  repulsion  of  soot 
by  positive  electrodes,  or  attraction  of  soot  by  negative  electrodes.  In  the  case  below,  using  a 
negatively  charged  power  supply,  the  soot  and  flame  would  appear  on  the  electrode,  with  the 
effect  becoming  more  pronounced  as  the  electrode  approached  the  diffusion  flame. 


Fig.  5  Soot  Attracted  to  Negatively  Charged  Electrodes  for  Small-Scale  Candle  Flame  Experiments 


These  experiments  brought  up  serious  questions  into  which  mechanism  of  flame 
manipulation  using  electric  fields  dominates  and  controls  the  stabilization  of  the  flame.  The 
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main  observations  on  the  attraction  of  soot  and  the  flame  shape  manipulation,  similar  to 
counterflowing  air  experiments,  brought  into  question  whether  certain  influences  were  more 
significant  than  other  forces.  By  applying  an  outside  electric  field,  there  are  three  major  factors 
that  must  be  accounted  for,  specifically  the  thermal  effects  resulting  from  the  resistive  heating 
within  the  flame,  the  introduction  of  new  chemical  species  to  the  reactants,  such  as  ozone 
formation  from  corona  discharges,  and  the  ionization  effects,  such  as  the  ionic  wind  and  the 
attraction  and  repulsion  of  charged  species.  The  thermal  effects,  specifically  the  influence  of 
increased  temperature  on  factors,  such  as  flame  speed  have  been  well  documented  in  past  tests 
[37,  38],  and  the  ionic  influences  have  been  reviewed  above,  while  the  influence  of  chemical 
species  expected  results  need  to  be  compared  to  a  partially  premixed  flame  under  an  electric 
field.  For  this  reason,  a  premixed  flame  simulation  was  run  with  the  addition  of  ozone  to  the 
oxidizer  stream,  in  order  to  compare  the  influence  of  ozone  creation  to  the  experimental 
observations  on  the  partially  premixed  flame. 


Premixed  Flame  Simulations 


Fully  premixed  flames  provide  useful  insight  into  the  basic  mechanisms  in  flame  liftoff, 
allowing  for  the  calculations  of  laminar  flame  speeds.  In  order  to  investigate  the  influence  of 
high  potential  electric  fields  resulting  from  corona  discharges  on  premixed  flames,  a  specific 
mechanism,  the  formation  of  ozone  issuing  from  the  corona  was  investigated.  The  formation  of 
ozone  was  chosen  as  it  is  one  of  the  major  changes  to  the  reactants  resulting  from  an  electric 
field.  Previous  studies  into  the  effects  of  ozone  addition  to  a  flame  have  been  conducted  [14], 
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but  a  wider  range  of  ozone  concentration  was  chosen  for  this  study,  in  order  to  completely 
understand  the  impacts.  In  the  investigation  by  Ombrello  et  al.  [14],  it  was  found  that  the 
addition  of  ozone  did  improve  flame  front  stabilization  with  experiments  adding  ozone  to  a 
coflowing  air,  as  well  as  numerical  simulations.  These  simulations  provided  a  necessary 
baseline  for  comparison,  within  the  partially  premixed  experiments  conducted  later,  on  the  effect 
of  the  ozone  addition,  and  expected  flame  behavior.  The  simulations  show  how  does  ozone 
addition  influence  the  stabilization  of  the  leading  edge  of  the  flame,  in  the  form  of  changes  in 
laminar  flame  speed,  and  what  changes  in  chemiluminescence  would  result  from  the  addition  of 
ozone,  as  these  effects  are  not  well  documented. 

The  PREMIX  package  within  chemical  kinetic  package,  Cantera,  was  used  to  determine 
the  OH  concentration,  as  well  as  the  laminar  flame  speed,  Sl,  for  increasing  concentrations  of 
ozone  addition  in  the  oxidizer,  from  the  flame  front  to  a  position  0.1m  downstream.  The  amount 
of  O3  was  varied  from  0  ppm  to  10,000  ppm.  The  concentrations  of  OH  for  3  concentrations  of 
ozone  (0,  5000,  10000  ppm)  are  shown  below,  in  Fig.  6. 
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Fig.  6  OH  Mole  Fraction  for  Premixed  Flame  Simulations 


The  OH  mole  fraction  peak  value  for  the  highest  concentration  of  ozone  (03=10000  ppm) 
was  found  to  be  approximately  20%  more  than  for  the  standard  case  (03=0  ppm).  Further 
investigation,  showing  a  comparison  of  the  change  in  OH  concentration  resulting  from  ozone 
addition,  as  well  as  the  change  in  laminar  flame  speed,  is  shown  below  in  Fig.  7. 


14 


50 


0.0094 


38 


0.0092 

0.009 

0.0088 

0.0086 

0.0084 

0.0082 

0.008 

0.0078 

0.0076 

0.0074 


1000  2000  3000  4000  5000  6000  7000  8000  9000  10000 

03  (ppm) 


♦  Laminar  flame  speed  BOH 


Fig.  7  Laminar  Flame  Speed  and  Peak  OH  Mole  Fraction  as  a  Function  of  03  Concentration  in  the  Reactants  of  a 

Premixed  C3H8  Flame 


Based  on  these  observations,  it  would  be  expected  that  as  the  amount  of  applied  voltage 
increases,  thereby  increasing  the  amount  of  ozone  formation  from  the  resulting  corona  discharge, 
the  laminar  flame  speed  of  a  propane  flame  would  increase,  as  well  as  the  peak  amount  of  OH 
production,  an  increase  of  approximately  20%  for  both  the  OH  production  and  laminar  flame 
speed  when  compared  to  the  standard  case.  The  increase  in  OH  production,  shown  by  OH 
chemiluminescence,  would  act  as  an  indicator  of  the  chemical  mechanisms,  specifically  the  O3 
production,  resulting  from  the  influence  of  electric  fields,  was  the  dominant  mechanism  affecting 
the  stabilization  mechanisms  of  a  lifted  jet  flame. 
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It  has  been  shown  in  previous  research  that  it  is  possible  to  adjust  the  lifted  position  of 
partially  premixed  flame,  to  another  stabilized  position  upstream  or  downstream  (axially)  from 
the  jet  stabilized  position  through  the  application  of  electric  fields  [15,  16].  This  localized 
enhancement  or  suppression  of  the  flame  front  was  investigated  in  positive  and  negative  polarity 
configurations  (referring  to  the  polarity  of  the  primary  electrode,  the  ring),  in  a  single  and  double 
needle  setup,  over  6  flow  rates  between  1.14  to  1.53  liters  per  minute  (2. 4-3. 2  scfh).  An  example 
of  the  resulting  flame  is  shown  in  the  figure  below. 
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Fig.  8  Sample  Stabilized,  Partially  Premixed  Jet  Flame  at  1.14  slpm  and  4000  V  (Liftoff  Height=  1.78  cm) 

The  voltage  applied  to  create  the  electric  field  was  varied  until  either  the  flame 
reattached,  which  was  found  to  be  the  result  for  the  positive  configurations,  or  blowout,  for  the 
negative  configurations,  respectively.  The  flow  rates  were  fixed  between  tests,  and  the  voltage 
varied  to  witness  the  effect  on  the  flame,  with  photos  taken  of  the  leading  edge  of  the  flame  at 
approximately  1000V  increments.  The  different  configurations  and  applied  voltages  are  shown 
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below  in  Table  1,  and  a  demonstration  of  the  positive  versus  negative  electrode  configuration  is 


shown  in  the  figure  below. 


Table  1-  Electrode  Configurations  and  Applied  Voltages  for  Partially  Premixed  Flame  Experiments 


Primary  Electrode  Polarity 

Number  of  Primary 

Electrodes 

Applied  Voltage 

Negative 

1 

0-12,000  V 

Negative 

2 

0-12,000  V 

Positive 

1 

0-5,000  V 

Positive 

2 

0-5,000  V 

Positive  Configuration 


V+in 


Negative  Configuration 


W 


f 


1 


Fig.  9  Layout  of  Positive  and  Negative  Configurations  for  the  Lifted  Jet  Flame  Experiments 
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The  average  lifted  position  of  the  flame  was  plotted  against  the  applied  voltage,  shown  in 
figures  5a-f. 
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Figure  lOa-f-  Location  of  the  Leading  Edge  of  the  Flame  for  Applied  Voltage  (1.14  SLPM  through  1.53 
SLPM) 


Figures  6a  through  f  provide  useful  insight  into  the  electric  field  effects  within  lifted 
flames.  The  overall  trends  with  the  same  electrode  configuration  (positive  or  negative  polarity) 
remained  similar  for  each  flow  rate.  The  positive  configurations,  for  both  one  and  two  electrode 
setups,  saw  a  decrease  in  liftoff  height  until  the  flame  reattached  at  approximately  4  kV,  and 
remained  attached  at  higher  voltages.  The  reattachment  for  the  positive  configuration  occurred 
at  the  same  voltage,  independent  of  the  number  of  electrodes,  and  while  the  trends  for  the  two 
electrode  setups  were  not  the  same,  where  it  was  observed  that  the  two  electrode  setup  was  more 
effective  for  most  flow  rates,  there  was  no  definitive  advantage  to  using  multiple  electrodes. 

The  negative  configurations  saw  a  marked  decrease  in  liftoff  height  following  trends 
similar  to  the  positive  configurations,  at  low  voltages  (below  6  kV),  where  the  flame  would 
intermittently  attach  and  liftoff  after  3  kV,  at  approximately  4.5  kV,  then  the  leading  edge  shifted 
downstream,  eventually  blowing  out  at  voltages  above  10  kV.  Much  like  the  positive 
configuration,  there  was  no  marked  difference  between  utilizing  double  electrode  configuration, 
with  both  setups  reattaching  and  then  progressing  to  blowout  in  the  same  trends,  with  the  applied 
voltage  at  blowout  being  approximately  the  same  between  the  setups.  The  overall  observations 
on  the  flame  stability  are  shown  in  the  figure  below. 
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Applied  Voltage  (V) 


Fig.  11  Characterization  of  Flame  Stabilization  Points  for  Partially  Premixed  Flames  as  a  Function  of  Applied 
Voltage.  Negative  Configurations  are  Shown  as  the  Solid  Curve,  and  Positive  Configurations  are  Shown  as  the 

Dashed  Curve. 


The  overall  trend  for  the  negative  configuration  could  have  been  a  result  of  secondary 
ionization  at  the  electrodes,  where  the  maximum  charge  density,  listed  in  Equation  3,  was 
reached.  This  would  be  in  agreement  with  previous  studies,  on  neutral  fluids,  such  as  June,  et  al. 
[17],  where  the  influences  of  the  ionic  wind  decreased  as  the  electric  field  became  too  strong. 
The  resulting  corona  discharge  seen  in  June,  et  al.  was  not  observed  [17],  but  it  could  have  been 
masked  by  the  chemiluminescence  of  the  flame.  Secondary  ionization  would  have  occurred  at  a 
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lower  applied  voltage  than  in  previous  studies  into  air  flows  [18,  17],  as  the  number  density  of 
ions,  n,  would  have  been  higher  due  to  the  number  of  ions  produced  in  combustion. 

Further  observations  into  the  influence  of  the  current  in  the  applied  electric  field  provided 
little  insight  into  the  stabilization  mechanisms.  Using  the  experimental  setup,  with  the  current 
floating,  resulted  in  a  near  constant  current  at  approximately  0.013-0.016  mA  for  both 
configurations  at  voltages  below  3,000  V.  At  voltages  above  4,000  V,  where  the  positive  and 
negative  configurations  reattach,  the  current  increased  by  an  order  of  magnitude.  While  any 
further  adjustment  in  the  positive  configuration  has  no  influence,  as  the  flame  remained  attached, 
adjusting  the  voltage,  for  the  negative  configuration  causes  the  flame  to  liftoff  further 
downstream,  and  the  current  increases  to  approximately  0.5  mA  at  blowout.  Plotting  the  current 
against  the  liftoff  height  resulted  in  no  discernible  trends. 

The  major  observation,  the  difference  between  the  positive  and  negative  configuration 
trends,  provides  unique  insights  into  the  major  influences  of  electric  fields  in  lifted  flames  and  on 
the  leading  edge  of  the  flame.  The  fact  that  changing  the  polarity  of  the  primary  electrode 
downstream  has  a  distinct  effect,  going  as  far  as  causing  the  flame  to  blowout  in  one 
configuration  and  reattach  in  another,  shows  that  the  dominant  mechanisms  in  flame  stabilization 
in  electric  fields.  The  expected  results  were  compared  to  observed  flame  behavior  to  study  the 
overall  dominant  mechanisms.  For  the  thermal  mechanism,  stating  that  the  applied  electric  field 
provides  resistive  heating  within  the  flame,  increasing  the  flame  temperature,  resulting  in  an 
increase  in  flame  velocity,  or  the  speed  at  which  the  leading  edge  of  the  flame  propagates  into 
the  incoming  stream  of  the  fuel  jet.  If  this  were  the  dominant  mechanism,  the  trends  between  the 
two  polarities  would  have  been  the  same,  as  resistive  heating  would  provide  the  same  amount  of 
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heat  and  therefore,  the  same  increase  in  flame  temperature,  regardless  of  polarity.  Specifically, 
the  blowout,  observed  in  the  negative  configurations,  would  not  have  been  observed. 

The  main  chemical  mechanism  considered  in  this  study,  the  formation  of  ozone  (O3) 
resulting  from  the  presence  of  high  voltages,  as  shown  in  the  numerical  simulations,  would  have 
seen  a  marked  increase  in  flame  speed,  as  shown  in  the  premixed  numerical  study  above.  Any 
increase  in  ozone  formation  would  see  the  same  increase  in  flame  speed,  but  during  an  initial 
testing  phase  of  the  experiment,  the  ionization  at  the  primary  electrode  caused  a  local  extinction 
within  the  flame,  shown  in  the  figure  below,  at  1.30  slpm,  contrary  to  the  expected  result,  as 
shown  in  the  numerical  simulations,  based  on  the  work  in  Ombrello,  et  al.  [14],  where  the  flame 
should  see  an  increase  in  the  flame  speed  at  the  electrode. 
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Fig.  12  Local  Extinction  Resulting  from  High  Potential  Electric  Fields  at  Approximately  6950  V  with  the  Negative 

Polarity,  Single  Electrode  Configuration  at  1.30  splm 


If  the  ozone  formation  were  dominant  in  the  stabilization  mechanisms,  it  would  be 
expected  to  see  a  localized  enhancement  of  the  flame  with  an  increase  in  flame  speed  around  the 
electrodes.  It  would  also  be  expected  that  the  flame  would  exhibit  an  increase  in  OH 
chemiluminescence,  as  from  the  numerical  simulation,  the  ozone  addition  would  cause  an 
increase  in  the  OH  formation  within  the  flame.  The  increase  in  OH  chemiluminescence  was  not 
observed  in  Kim,  et  al.  [19]  in  experiments  using  OH-PLIF  on  laminar  flames  in  electric  fields. 
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For  these  reasons,  the  ozone  formation,  and  the  chemical  mechanisms  resulting  from  the  electric 
field  application  would  not  result  in  the  decrease  in  liftoff  height. 

This  extinction  around  the  electrode  provided  evidence  that  the  electromagnetic 
influences  dominate  the  stabilization  mechanisms  of  the  leading  edge  of  the  flame.  The 
influences  of  the  ionic  wind,  especially  with  regards  to  an  already  ionized  system,  such  as  a 
partially  premixed  flame,  were  found  to  be  the  dominant  flame  control  mechanism.  The 
attraction  or  repulsion  of  chemical  species,  such  as  soot  particles,  would  have  had  a  direct 
influence  on  the  chemical  kinetics  of  the  flame,  as  it  would  change  the  concentration  of  radicals 
within  the  flame  front.  Combining  this  influence  with  the  ionic  wind  body  forces,  shown  in 
equation  1,  which  would  have  acted  on  the  surrounding  oxidizer,  would  explain  the 
reattachment,  even  the  intermittent  reattachment  and  blowout  observed  for  the  negative 
configurations.  Blowout  could  have  been  a  result  of  the  secondary  ionization,  due  to  the 
reaching  of  the  maximum  possible  charge  density,  shown  in  Equation  3,  for  resulting  in  a 
negation  of  the  ionic  wind  body  forces,  as  well  as,  increased  attraction  and  repulsion  forces  on 
the  existing  ions  within  the  flame. 

Also  of  note,  the  flame  structure  observed  at  higher  voltages,  as  shown  in  the  Fig.  13 
below  at  11,000  V  at  1.30  slpm  for  the  single  electrode,  negative  configuration,  showed 
abnormal  flow  structure  with  intermittent  flames,  showing  decreased  chemiluminescence,  but 
with  the  signature  luminosity  of  a  trailing  diffusion  flame.  Previous  studies  have  indicated  that 
as  flames  approach  blowout,  resulting  from  the  increases  in  central  nozzle  velocity,  the  trailing 
diffusion  flame  disappearing  as  an  indicator  of  blowout  [20].  The  presence  of  the  diffusion 
flame,  while  not  in  the  typical  manner,  indicates  that  the  flame  structure  itself  was  not 
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approaching  the  flammable  limits  of  the  flame,  but  implies  that  blowout  was  a  result  of  the 


external  influence  of  the  electric  field. 


) 

l 


Fig.  13  Abnormal  Flame  Structure  of  the  Trailing  Diffusion  Flame  at  1 1000  V  at  1.30  slpm 

4.  Conclusions 

Previous  experiments  on  the  impacts  of  high  potential  electric  fields  on  combustion  have 
shown  the  ability  to  manipulate  the  liftoff  height  of  jet  flames,  remove  pollutants,  and  alter  flame 
structure  and  hence,  chemiluminescence.  The  purpose  of  this  study  was  to  observe  the  dominant 
mechanisms  within  leading  edge  stabilization  in  the  applications  of  electric  fields  in  partially 
premixed,  jet  flames,  comparing  the  influence  of  thermal,  chemical,  and  ionic  impacts. 
Numerical  simulations  of  premixed  propane  flames  with  ozone  formation  resulting  from  a 
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corona  discharge  showed  an  increase  in  OH  formation,  as  well  as  laminar  flame  speed,  with 
increasing  ozone  concentration  in  the  reactants,  in  order  to  observe  the  expected  influences  of 
chemical  mechanisms  within  the  partially  premixed  flame.  Further  investigation  into  partially 
premixed,  propane  jet  flames,  showed: 

a)  With  a  positively  charged  electrode  downstream  of  the  leading  edge  of  the  flame,  it  was 
possible  to  reattach  a  lifted  jet  flame,  while  maintaining  a  constant  fuel  flow  rate. 

b)  With  a  negatively  charged  electrode  downstream  of  the  leading  edge,  the  liftoff  height 
was  shortened  at  voltages  below  4000  V,  after  which  the  leading  edge  shifted 
downstream  of  the  nozzle,  and  reached  blowout  at  approximately  10000  V. 

c)  The  ionizing  influence  of  the  applied  electric  field  is  the  dominant  influence  of  the  high 
potentials,  rather  than  thermal  influences  or  changes  to  the  chemical  kinetics  of  the 
combustion  event. 

d)  Blowout,  in  the  negative  configuration,  did  not  show  the  expected  markers  of  reaching 
the  flammability  limits  of  the  fuel-air  mixture,  with  the  trailing  diffusion  flame  remaining 
until  blowout. 

These  conclusions  show  that  jet  flame  behavior,  with  regard  to  the  stabilization  point  of  the 
flame  at  a  set  fuel  velocity,  was  absent  at  high  potentials,  with  regards  to  liftoff,  reattachment, 
and  blowout,  which  have  been  extensively  investigated  in  the  past.  Further  study  is  necessary  in 
the  concentrations,  and  flow  directions,  of  ionic  species  within  flames  under  electric  fields. 
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PART  B:  EFFECTS  OF  DIFUENTS  ON  FIFTED  TURBUFENT  METHANE  AND 

ETHYEENE  JET  FLAMES 

ABSTRACT 

The  effects  of  diluents  on  the  liftoff  of  turbulent,  partially  premixed  methane  (CH4)  and 
ethylene  (C2H4)  jet  flames  for  potential  impact  in  industrial  burner  operation  for  multi-fuel 
operation  have  been  investigated.  Both  fuel  jets  were  diluted  with  nitrogen  and  argon  in  separate 
experiments,  and  the  flame  liftoff  heights  were  compared  for  a  variety  of  flow  conditions. 
Methane  flames  have  been  shown  to  liftoff  at  lower  jet  velocities  and  reach  blowout  conditions 
much  more  rapidly  than  ethylene  flames.  Diluting  ethylene  and  methane  jets  with  nitrogen  and 
argon,  independently,  resulted  in  varying  trends  for  each  fuel.  At  low  dilution  levels  (-5%  by 
mole  fraction),  methane  flames  were  lifted  to  similar  heights,  regardless  of  the  diluent  type; 
however,  at  higher  dilution  levels  (-10%  by  mole  fraction)  the  argon  diluent  produced  a  flame 
which  stabilized  farther  downstream.  Ethylene  jet  flames  proved  to  vary  less  in  liftoff  heights 
with  respect  to  diluent  type.  Significant  soot  reduction  with  dilution  is  witnessed  for  both 
ethylene  and  methane  flames,  in  that  flame  luminosity  alteration  occurs  at  the  flame  base  at 
increasing  levels  of  argon  and  nitrogen  dilution.  The  increasing  dilution  levels  also  decreased  the 
liftoff  velocity  of  the  fuel,  as  well  as  decrease  the  radial  position  of  the  flame.  Analysis  showed 
little  variance  among  liftoff  heights  in  ethylene  flames  for  the  various  inert  diluents,  while 
methane  flames  proved  to  be  more  sensitive  to  diluent  type.  This  sensitivity  is  attributed  to  the 
more  narrow  limits  of  flammability  of  methane  in  comparison  to  ethylene,  as  well  as  the  much 
higher  flame  speed  of  ethylene  flames. 

Key  Words:  Turbulent  Jet  Flames;  Flame  Liftoff;  Blowout;  Inert  Gas  Dilution;  Luminosity 
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1.  INTRODUCTION 


The  investigation  of  lifted  turbulent  jet  flames  is  of  specific  interest  for  many  industrial 
and  commercial  applications  due  to  their  utilization  in  furnaces,  burners,  and  boilers.  Of 
particular  interest  to  many  industries  and  branches  of  the  military,  in  particular  the  United  States 
Army,  is  continued  improvement  in  multi-fuel  burners.  These  devices  allow  for  burner  operation 
with  various  fuels  that  have  different  heating  values,  laminar  flame  speeds,  Schmidt  Numbers, 
etc.  Understanding  how  various  flames  behave  in  the  near-nozzle  region  under  the  various  flow 
conditions  can  permit  the  design  of  clean,  stable,  durable  and  efficient  combustion  systems. 
Studies  on  turbulent  lifted  flames  have  observed  the  fluctuations  of  the  liftoff  heights,  variations 
of  blowout  limits,  and  hysteresis  patterns  [1-4],  and  have  been  reviewed  by  Pitts  [5]  and  Lyons 
[6].  It  is  well  known  that  turbulent  jet  flames  liftoff  from  the  fuel  supply  nozzle  as  the  velocity  of 
the  fuel  is  increased  beyond  a  critical  point.  As  the  flame  experiences  the  transition  from 
attached  to  the  nozzle  to  lifted,  the  luminosity  of  the  flame  is  altered  due  to  local  air-fuel  mixing 
and  temperature  variations. 

Wilson  and  Lyons  [7]  investigated  the  effect  of  diluents  on  methane  and  ethylene  flame 
temperatures  and  burning  velocities  and  found  that  the  addition  of  these  diluents  have  significant 
influences  on  flame  behavior.  For  nitrogen  dilution,  Wilson  [7]  found  that  increasing  amounts  of 
nitrogen  additive  lowered  the  laminar  burning  velocity  and  flame  temperature.  As  a  follow-up  on 
this  work  [7],  Wilson  suggests  that  studies  investigate  other  trends  that  might  be  present  when 
observing  fuel/diluent  combinations,  in  particular  at  the  leading  edge  of  the  flame.  Stamps  and 
Tieszen  [8]  used  the  Kalghatgi  model  in  [20]  to  compare  the  blowout  limits  of  diluted  hydrogen 
and  ethylene  flames.  The  predictions  modified  in  this  paper,  however,  use  the  Broadwell  scaling 
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mechanism  to  scale  normalized,  diluted  methane  and  ethylene  flames.  Thus,  a  main  focus  of  this 
paper  will  be  how  flames  diluted  with  different  additives  will  be  affected  at  the  leading  edge,  as 
well  as  leading  edge  movement  from  the  fuel  nozzle. 

As  the  flame  jet  velocity  is  increased,  the  flame  will  leave  the  nozzle  and  stabilize  at  a 
certain  height  that  is  dependent  on  fuel  velocity  and  other  exterior  parameters,  such  as  non¬ 
reactive  gas  addition,  coflowing  (that  is  gas,  most  frequently  air,  flowing  in  parallel  with  jet 
velocity)  annulus  parameters  [9-10],  and  flame  confinement  [11].  This  lifted  flame  will  oscillate 
at  a  mean  lifted  height  until  changes  in  local  stoichiometry,  jet  velocities,  coflow  velocities,  or 
combinations  of  these,  alter  the  stabilization  location  [12].  Increases  in  any  of  the 
aforementioned  parameters  will  lead  to  flame  blowout  shortly  after  the  trailing  diffusion  flame 
vanishes  [13].  Figure  1  gives  a  theoretical  representation  of  how  the  flame  progresses  with 
velocity  increases.  The  arrows  designate  an  increase  or  decrease  in  fuel  velocity  and  the  trend 
that  the  flame  lift  height  follows.  The  arrow  designating  a  decrease  in  fuel  velocity  and  a  liftoff 
height  present  at  lower  fuel  velocities  than  the  original  propagation  represents  the  hysteresis 
regime  as  described  by  Terry  and  Lyons  [2],  A  flame,  however,  can  experience  diverse 
phenomena  in  which  the  flame  is  extinguished  directly  after  leaving  the  fuel  supply  nozzle  [14- 
15].  This  is  known  as  flame  blow  off,  which  occurs  when  the  flame  cannot  stabilize  after  lifting 
off  from  the  nozzle  and  is  immediately  extinguished  due  to  fuel  velocities  that  do  not  permit 
stabilization  of  the  flame  in  the  given  mixture  fraction  field. 

It  has  been  experimentally  and  theoretically  shown  that  the  addition  of  inert  gases  to  the 
fuel  stream  leads  to  a  less  stable  turbulent  diffusion  flame  [16-21].  Common  diluents,  such  as 
nitrogen  and  carbon  dioxide,  have  been  well  investigated  and  have  proven  to  have  significant 
effects  on  the  liftoff  behavior,  as  well  as  blowout  limits,  of  methane  jet  flames  [21].  Gollahalli 
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[22]  found  that  diluting  propane  flames  with  carbon  dioxide  or  nitrogen  decreases  the  flame 
length  and  stability.  In  addition,  complete  soot  suppression  was  found  to  be  possible  with  high 
percentages  of  diluent  addition.  Most  of  these  studies  involve  only  the  analysis  of  methane  gas 
with  additives,  while  few  investigate  the  comparison  of  adding  non-reactive  gases  to  higher- 
order  hydrocarbon  fuels,  such  as  ethylene  [23].  The  current  experimental  study  investigates  the 
effect  of  diluting  methane  and  ethylene  jet  flames  with  nitrogen  and  argon,  independently. 
Phenomena  investigated  are  the  lifted  flame  stability  between  the  two  fuels,  the  flame  blowout 
regime,  and  the  inert  diluent  additive  effects  on  flame  luminosity,  in  particular,  at  the  flame’s 
leading  edge.  In  addition,  a  non-dimensional  analysis  has  been  performed  to  determine  how 
previous  studies  correlate  with  the  measured  data.  This  involved  the  investigation  of  a  non- 
dimensional  flame  liftoff  prediction  that  compares  various  diluent  levels,  as  well  as  both  fuels, 
for  progressively  increasing  jet  velocities.  Applications  of  this  study  include  methods  of 
incorporating  gaseous  fuels  with  very  different  characteristics  into  multi-fuel  burners. 

2.  MATERIALS  AND  METHODS 

The  following  experiments  were  conducted  at  the  Reacting  Flows  and  Turbulent  Jets 
Laboratory  at  North  Carolina  State  University  in  the  Department  of  Mechanical  and  Aerospace 
Engineering.  Fuels  that  were  utilized  were  ethylene  (CP  Grade,  99.5%  Pure)  and  methane  (CP 
Grade,  99%  Pure),  while  the  diluents  consisted  of  nitrogen  and  argon  gases.  The  fuel  nozzle 
measured  3. 5 -millimeters  and  was  long  enough  to  ensure  that  fully  developed  turbulent  flow  was 
present  at  the  nozzle  exit  (length  to  diameter  ratio  much  greater  than  ten).  The  volumetric  flow 
rates  of  the  fuel  and  inert  gas  were  measured  and  regulated  using  an  Advanced  Specialty  Gas 
Equipment  Series  150  Flowmeter,  and  the  images  analyzed  were  taken  using  a  Nikon  D80 
Digital  SLR  camera  with  an  18-105  millimeter  Nikkor  Lens. 


34 


Using  the  apparatus  illustrated  in  Figure  2,  each  of  the  scenarios  of  fuel  flow  rate  and 
inert  gas  dilution  flow  rate  were  examined.  Utilizing  each  fuel  separately  with  one  of  the  two 
inert  diluents  being  applied  individually  to  the  fuel,  the  liftoff  heights  of  each  of  the  flames  were 
measured  and  an  average  liftoff  height  was  determined  from  the  ten  measured  liftoff  heights  for 
each  case.  The  various  scenarios  consisted  of  varying  the  mole  fraction  at  the  nozzle  exit  of  the 
inert  diluent  at  levels  of  0%,  5%,  10%  and  20%  by  total  mole  fraction  of  the  jet  flow  (the  balance 
of  the  jet  flow  being  the  fuel  of  interest).  Each  average  liftoff  height  was  then  plotted  to 
determine  the  trend  in  comparison  between  stabilization  heights  of  methane  and  ethylene  and 
various  levels  of  nitrogen  and  argon  dilution.  This  experimental  data  is  compared  to  theoretical 
predictions  formulated  by  Broad  well  et  al.  [24],  and  modifications  to  the  scaling  mechanisms  in 
[24]  are  proposed  for  the  cases  examined. 

3.  THEORY 

In  studying  a  lifted  flame,  many  theoretical  studies  have  attempted  to  describe  the 
phenomena  that  occur.  An  investigation  was  carried  out  by  Yumlu  [25]  in  1968  for  the  laminar 
flame  speed  in  these  types  of  mixtures.  Using  Equation  (1)  given  below,  the  “corrected”  flame 
speeds  were  determined  for  both  methane  and  ethylene,  and  for  their  corresponding  mixtures 
percentages.  The  formulation  given  is 

Su,m  =  C1  ~  °0Su,fuel  (1) 

where  Su>m  is  the  burning  speed  of  the  mixture,  a  is  the  mass  fraction  of  the  inert  diluent  within 
the  mixture,  and  SU;fuei  represents  the  burning  velocity  of  the  pure  fuel  jet.  However,  by  adding 
inert  diluents  to  the  fuel  the  temperature  downstream  is  decreased.  Thus,  using  the  Arrhenius 
law,  Equation  (1)  from  Yumlu  can  be  altered  to 

Su,m  =  [!  -  a] 1/2 S2 exp  (—  -  (2) 
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where  Su°  is  the  burning  velocity  of  the  pure  fuel,  Ea  is  the  activation  energy,  R  represents  the 
universal  gas  constant,  Tb  is  the  mixture  burning  temperature  (adiabatic  temperature  of  the 
mixture),  and  Tb°  is  the  burning  temperature  of  the  pure  fuel  (adiabatic  temperature  of  the  pure 
fuel  jet)  [25].  The  laminar  flame  speeds  for  pure  methane  and  ethylene  jets  are  0.39  m/s  and  0.75 
m/s,  respectively  [26]. 

Utilizing  these  equations,  from  Yumlu,  the  flame  liftoff  height  dependence  (xi)  for 
mixtures  can  be  predicted  using  flame  liftoff  scaling  given  as 


where  u0  is  the  local  velocity,  do  is  the  local  diameter,  po  is  the  pure  fuel  density,  p,  is  the 
surrounding  air  density,  and  k  is  the  thermal  diffusivity  [24].  This  scaling  is  non-dimensionalized 
to  determine  the  liftoff  predictions  for  both  fuels  and  the  various  scenarios  of  diluent  levels.  The 
non-dimensional  formulation  is  given  below  in  Equation  (4). 

_  *t,y%  /a  . 

l, norm  __  V  v 

xl,  o% 

The  notation  of  y%  represents  the  various  mole  fraction  percent  levels  used  in  each  scenario.  The 
variance  in  the  equation  compares  a  certain  dilution  level  (numerator)  to  the  control  case  of  pure 
fuel  jet  (denominator).  The  non-dimensional  scaling  predictions  of  flame  liftoff  for  the  various 
scenarios  of  inert  gas  dilution  are  compared  to  the  experimental  findings  presented  in  Figures  7 
and  8. 

4.  RESULTS 

Figures  3  and  4  give  visual  comparisons  of  varying  fuels  with  various  mole  fraction 
dilution  levels  of  inert  gases.  These  visuals  represent  various  incandescent  trends  as  well  as 
flame  liftoff  variances  with  nitrogen  and  argon  diluents.  Investigations  of  ethylene  flames 
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produced  similar  results  when  diluting  the  pure  fuel  jet  with  various  concentrations  of  nitrogen 
and  argon.  Figure  3(a)  illustrates  the  pure  ethylene  flame  in  comparison  to  high  levels  of  nitrogen 
dilution  (20%  by  mole  fraction),  while  Figure  3(b)  gives  the  pure  ethylene  flame  in  comparison 
to  high  levels  of  argon  dilution  (20%  by  mole  fraction).  For  both  Figures  3(a)  and  3(b)  the  fuel 
jet  velocity  is  held  constant  at  49.73  m/s  for  the  0%  dilution  cases.  However,  the  combined  jet 
velocity  is  greater  for  the  20%  dilution  cases  due  to  the  addition  of  the  inert  gases.  For  the 
nitrogen-diluted  case  in  Figure  3(a)  the  combined  jet  velocity  at  20%  dilution  is  63.71  m/s,  and 
for  the  argon-diluted  case  in  Figure  3(b)  the  combined  jet  velocity  at  20%  dilution  is  58.94  m/s. 
What  should  be  noticed  from  these  comparisons  are  the  decreases  in  soot  incandescence  near  the 
upstream  portion  of  the  reaction  zone.  The  images  illustrate  that  both  nitrogen  and  argon  dilution 
decrease  the  soot  incandescence  at  the  flame  base  at  similar  levels  for  high  levels  of  dilution 
(20%  by  mole  fraction).  Both  inert  gases  reduce  the  blackbody  soot  radiation  that  saturates  the 
flame  base,  allowing  the  blue  flame  luminosity  to  become  visible.  Figures  4(a)  and  4(b)  give  a 
similar  comparison  for  methane  jets;  however,  the  pure  methane  flame  is  compared  with  5%  by 
mole  fraction  dilution  cases  for  nitrogen  and  argon,  respectively.  A  lower  dilution  level  is  shown 
due  to  the  instabilities  that  are  present  with  high  dilution  levels  in  methane  flames  (metastable 
flame  liftoff  and  flame  blowout/blowoff).  It  can  be  seen  in  Figures  4(a)  and  4(b)  that  diluting 
methane  flames  has  little  effect  on  the  flame  luminosity.  The  varying  flame  radiance  is  visible 
due  to  low  soot  incandescence  in  both  the  near  and  far  fields.  This  varies  from  the  diluted 
ethylene  flames  in  that  only  the  near  field  soot  incandescence  is  lowered  due  to  the  increase  in 
inert  gas  dilution. 

For  ethylene,  when  both  levels  approach  20%  by  mole  fraction,  the  flames  experience 
similar  levels  of  soot  incandescence  and  flame  luminosity  for  both  diluents  (Fig  3(a)  and  3  (b)). 
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The  methane  comparison  in  Figures  4(a)  and  4(b)  show  similar  flame  luminosity  across  the 
flame,  as  well  as  low  soot  incandescence.  The  rapid  blowout/metastable  phenomena  that  occurs 
with  dilution  levels  above  5%  mole  fraction  for  methane  is  attributed  to  the  smaller  flammability 
limit  of  methane  in  comparison  to  that  of  ethylene  flames,  as  well  as,  the  higher  flame  speed  of 
ethylene. 

Initial  results  illustrate  trends  for  fuel  liftoff  heights  with  increasing  fuel  velocity  and 
inert  diluent  concentration.  Each  scenario  of  diluted  methane  and  ethylene  flames  was  plotted  to 
observe  various  liftoff  heights  for  changes  in  behavior  at  various  dilution  levels  and  fuel 
velocities.  Figure  5  gives  the  plot  of  flame  base  heights  (cm)  from  the  fuel  nozzle  against  the 
corresponding  fuel  velocity  at  the  nozzle.  This  plot  shows  the  liftoff  heights  for  both  nitrogen 
and  argon  dilution  levels  with  methane.  It  should  be  noted  that  even  small  dilution  mole  fractions 
affect  the  liftoff  of  the  flame  drastically.  The  effect  of  nitrogen  dilution  on  the  lifted  methane 
flame  is  much  greater  than  that  of  the  argon  diluted  scenario  at  lower  levels  of  dilution,  and 
argon  proved  to  be  more  significant  (that  is,  force  the  flame  to  liftoff  higher)  at  higher  levels  of 
dilution.  In  comparison,  ethylene  jets  were  examined  to  have  little  disparity  when  comparing 
nitrogen  and  argon  dilution  levels.  In  comparing  specific  heats  of  nitrogen  and  argon,  one  finds 
that  argon  has  a  specific  heat  of  -0.52  KJ/(kgK),  while  nitrogen  has  a  specific  heat  of  -1.04 
KJ/(kgK).  These  variances  in  specific  heat  also  attribute  to  the  variances  in  liftoff  in  methane  jets 
and  not  as  much  in  ethylene  jets  due  to  the  much  higher  adiabatic  flame  temperature  of  ethylene. 
An  additional  explanation  behind  this  phenomenon  is  the  much  higher  flame  speed  that  exists 
with  ethylene  flames  (approximately  twice  that  of  methane  flames).  This  observation  is 
addressed  later  when  examining  the  theoretical  scaling  of  the  flame  liftoff  heights,  while  the 
observed  trend  is  presented  in  Figure  6. 
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In  comparison  to  Figure  5,  with  methane  it  can  be  seen  that  many  fewer  experimental 
points  were  determined  due  to  the  methane  flame  reaching  blowout  at  much  lower  jet  velocities 
than  that  of  the  ethylene  flame.  In  addition,  it  can  be  seen  that  the  ethylene  flame  requires  a 
higher  nozzle  jet  velocity  to  cause  the  flame  to  liftoff  from  the  nozzle.  To  compare  trends 
between  different  inert  gases  at  the  same  levels  of  mole  fraction  dilution,  the  liftoff  heights  were 
non-dimensionalized  and  compared  with  the  fuel  mass  flow  rates.  The  mass  flow  rates  are  used 
to  compare  the  non-dimensional  heights  due  to  the  varying  jet  velocities  between  levels  of 
diluent  levels.  By  examining  the  mass  flow  rate  of  the  fuel  instead  of  the  overall  jet  velocity, 
each  of  the  levels  of  dilution  fall  in-line,  with  respect  to  the  x-axis.  Thus,  it  is  easier  to  compare 
the  non-dimensional  liftoff  heights  across  each  level  of  dilution.  Observing  Figures  5  and  6  it  can 
be  seen  that,  unlike  the  methane  liftoff  progression,  the  ethylene  data  at  the  lower  jet  velocities  is 
more  compact  and  regardless  of  argon  or  nitrogen  dilution  levels  the  liftoff  positions  are  closely 
related.  Figures  7  and  8  give  the  non-dimensional  liftoff  heights  for  methane  and  ethylene, 
respectively.  Referring  to  Figure  7,  it  can  be  seen  that  the  non-dimensional  trends  for  the 
methane  data  are  similar.  However,  for  the  ethylene  non-dimensional  liftoff  progressions  in 
Figure  8  the  values  differ  after  5%  dilution  levels  of  argon  and  nitrogen. 

Referring  to  Figures  7  and  8,  it  can  be  seen  for  methane  jets  that  the  sensitivity  of  the 
flame  is  great  when  comparing  the  experimental  non-dimensional  liftoff  heights  to  that  of  the 
non-dimensional  flame  liftoff  scaling.  In  Figure  7,  for  methane,  the  5%  dilution  levels  of 
nitrogen  and  argon  are  similar  in  trend  and  non-dimensional  value;  however,  when  the  dilution 
level  is  increased  to  10%  by  mole  fraction  the  points  are  separated.  For  ethylene,  shown  in 
Figure  8,  the  correlations  are  quite  different.  The  experimental  non-dimensional  data  suggests 
that  the  liftoff  height  for  turbulent  ethylene  flames  is  less  a  function  of  inert  diluent  type,  but 
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instead  more  dependent  on  the  diluent  mole  fraction.  This  varies  greatly  from  the  data  given 
from  the  methane,  in  that  for  turbulent  methane  jets  the  liftoff  height  is  a  function  of  both  inert 
diluent  type  and  diluent  mole  fraction.  While  diluting  both  methane  and  ethylene  jets  give 
similar  variations  in  chemiluminescence  with  increasing  levels  of  inert  diluents  regardless  of 
diluent  type,  the  liftoff  progressions  with  increasing  levels  of  diluents  varies  between  the  two 
fuels  and  the  diluent  being  applied.  Claiming  that  methane  flame  liftoff  height  is  a  function  of 
both  inert  diluent  and  diluent  mole  fraction  addresses  the  much  lower  flame  speed  of  methane  in 
comparison  to  ethylene.  Thus,  ethylene  is  not  influenced  as  much  by  the  diluents  due  to  the 
speed/intensity  at  which  the  ethylene  flame  burns. 

5.  DISCUSSION 

The  observations  regarding  flame  liftoff  of  methane  and  ethylene  flames  described 
validate  the  positions  that  methane  flames  are  much  more  sensitive  (that  is,  affected  in  a  greater 
fashion)  to  dilution  by  inert  gases  than  ethylene  flames  with  the  same/similar  conditions. 
Observing  the  non-dimensional  analysis  of  the  experimental  and  theoretical  results,  it  can  be 
seen  that  a  correlation  constant  might  be  introduced  into  Equation  (4)  to  shift  the  theoretical  data 
to  approximately  match  the  experimental  results.  This  correlation  constant  is  a  ratio  of  the  non- 
dimensional  theoretical  liftoff  height  to  the  non-dimensional  experimental  liftoff  height. 

Average  values  were  determined  for  both  methane  and  ethylene  diluted  jet  flames.  For 
the  methane  jets,  the  two  inert  diluents  resulted  in  two  correlation  constants  that  vary  greatly. 
This  is  due  to  the  different  effects  that  nitrogen  and  argon  dilution  have  on  methane  jet  flames. 
The  average  correlation  constant  for  nitrogen  diluted  methane  jets  was  determined  to  be  0.91, 
while  the  constant  for  argon  diluted  methane  jets  was  determined  to  be  0.82.  For  ethylene  jets  the 
average  correlation  coefficients  were  very  similar.  This  result  defends  the  data  illustrating  that 
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the  dilution  of  ethylene  with  nitrogen  or  argon  will  give  similar  liftoff  heights  for  the  same  inert 
diluent  mole  fraction.  The  average  correlation  coefficient  for  nitrogen  diluted  ethylene  jets  was 
determined  to  be  0.79,  while  the  constant  for  argon  diluted  ethylene  jets  was  determined  to  be 
0.77. 

These  correlations  can  be  used  with  either  nitrogen  or  argon  diluted  methane/ethylene 
turbulent  jet  flames.  Therefore,  the  new  non-dimensional  formulation  for  the  modified  liftoff 
scaling  is  given  below. 

1 

CH 

This  analysis  of  combining  the  two  similar  equations  to  determine  the  relationship  with 
various  levels  of  dilution  is  similar  to  that  of  Tieszan,  et  al.  [28].  The  method  given  by  Tieszan  et 
al.,  however,  accounts  for  average  turbulent  jet  flame  speeds.  The  results  presented  exceed  the 
limitation  for  Reynolds  Number  (>3,200)  and,  therefore,  that  formulation  cannot  be  used  [28]. 
Figures  9  and  10  give  graphical  comparisons  of  the  experimental  liftoff  heights  and  the  scaled 
non-dimensional  liftoff  prediction  seen  above  in  Equation  (5)  for  both  methane  and  ethylene, 
respectively  [24].  The  correlation  constant  for  methane,  in  both  diluent  cases,  has  a  greater  effect 
on  the  experimental  data,  and  thus  forces  the  data  to  become  more  compact  in  Figure  9.  For  the 
ethylene  plot,  seen  as  Figure  10,  it  is  established  that  the  data  undergoes  minor  modifications  due 
to  the  more  stable  behavior  of  ethylene  flames.  This  approximation  method  for  non-dimensional 
flame  liftoff  height  is  valid  over  an  average  of  liftoff  heights  that  can  be  experimentally 
determined  for  various  fuels.  The  correlation  constant  is  related  to  the  upper  and  lower 
flammability  limits  of  the  fuel  being  used.  Thus,  the  higher  the  lower  flammability  limit  and  the 
lower  the  upper  flammability  limit  for  the  fuel  being  considered,  the  more  the  correlation 
constant  should  fluctuate  between  diluents.  This  fluctuation  is  attributed  to  the  sensitivity  of  the 


norm,  corrected 


(5) 
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pure  fuel  to  the  diluent  being  investigated.  This  sensitivity  can  be  linked  to  the  flammability 
limits  of  both  methane  and  ethylene.  Therefore,  it  can  be  concluded  from  the  study  given,  that 
methane,  is  more  sensitive  to  dilution  than  ethylene  due  to  its  much  narrower  flammability 
region,  which  leads  to  its  correlation  coefficient  being  much  more  unstable  between  fuels  and 
higher  in  average  value  than  that  of  ethylene.  The  physical  significance  of  the  non-dimensional 
correlation  constant  described  is  the  relation  to  the  flammability  region,  as  well  as  the  flame 
speed  of  the  pure  fuel  being  examined.  The  lower  constant  determined  (for  ethylene)  assists  in 
describing  the  fewer  fluctuations  that  are  present  for  ethylene  jets.  However,  the  larger  constant 
determined  for  methane  corresponds  with  the  instabilities  that  are  present  in  methane  jets. 

Further  investigation  should  dilute  methane  and  ethylene  jet  flames  with  other  inert  gases 
to  determine  if  further  correlation  coefficients  can  be  determined.  The  observation  of  the  range 
of  Ch  could  be  tested  as  well  for  other  fuels  (such  as  propane)  to  determine  if  the  coefficient 
indeed  falls  within  the  limits  suggested.  In  addition  to  testing  pure  fuels  with  inert  diluents,  a 
further  investigation  should  involve  various  fuel  mixtures  with  inert  diluents  to  determine  fuel 
dominance  in  determining  this  correlation  constant. 

6.  CONCLUSION 

The  various  stabilization  and  blowout  trends  of  methane  and  ethylene  jet  flames  diluted 
with  nitrogen  and  argon  have  been  determined.  Observing  these  methods  and  analyzing  their 
significance  in  comparison  to  theoretical  results,  several  conclusions  can  be  made  about  the 
affects  of  dilution  on  methane  and  ethylene.  The  remarks  addressing  the  sensitivity  of  the  fuels  to 
inert  gases,  stabilization  patterns  while  diluted,  influences  on  flame  luminosity  and  soot 
incandescence,  and  non-dimensional  trends  with  regards  to  flame  liftoff  heights  are  as  follows: 
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1.  Methane  flame  liftoff  parameters  are  found  to  be  much  more  sensitive  to  inert  dilution 
than  those  of  ethylene.  This  sensitivity  is  attributed  to  the  flammability  limit  variation 
between  the  two  fuels,  as  the  lower  flammability  limit  for  methane  is  half  of  that  of 
ethylene.  Also,  the  upper  flammability  region  for  ethylene  is  nearly  twice  that  methane. 
Thus,  methane  jets  progress  across  the  three  stages  of  flame  propagation  (illustrated  in 
Figure  1)  much  more  rapidly  than  ethylene  jets.  In  addition,  these  instabilities  can  be 
attributed  to  the  much  higher  flame  speed  of  ethylene  in  comparison  to  methane  [26]. 
This  conclusion  has  implications  for  utilizing  biogases,  as  well  as  other  low  calorific 
gaseous  fuels,  in  devices  designed  for  methane  combustion. 

2.  For  ethylene  flames,  the  liftoff  height/flame  behavior  is  less  a  function  of  the  type  of 
diluent  being  used,  but,  instead,  a  strong  function  of  the  mole  fraction  percentage  being 
added  to  the  fuel.  However,  this  is  not  the  case  for  methane  flames.  The  methane  flame 
liftoff  height  proved  to  be  a  function  of  both  the  diluent  mole  fraction  percentage  and  the 
type  of  diluent  added. 

3.  The  luminosity  of  the  two  flames  was  greatly  affected  as  the  mole  fraction  percentage  of 
the  diluents  increased.  As  diluent  levels  increased  it  was  observed  that  the  soot  radiation 
was  steadily  decreased  (especially  near  the  flame  base),  and  the  level  of  blue  flame 
luminosity  appeared  at  the  flame  base  with  dilution,  indicating  the  position  of  the  flame 
leading  edge. 

4.  Utilizing  the  flame  liftoff  scaling  formulation  to  predict  flame  liftoff  heights,  the  non- 
dimensional  analysis  performed  demonstrated  the  greater  sensitivity  of  methane  to  the 
diluents  over  ethylene.  A  correlation  constant  was  incorporated  into  the  non-dimensional 
flame  liftoff  analysis  to  determine  if  the  trends  are  offset  by  certain  scaling  values.  It  was 
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determined  that  the  two  correlation  constants  for  ethylene  were  relatively  similar  (which 
is  due  to  the  lack  of  dependence  on  diluent  type  for  ethylene),  while  for  methane  the 
values  varied.  The  results  of  integrating  these  correlation  constants  into  the  modified  non- 
dimensional  flame  liftoff  scaling  resulted  in  the  data  from  the  non-dimensional 
calculations  being  shifted  to  closely  match  that  of  the  non-dimensional  measured  values 
[24], 

The  findings  presented  in  this  paper  shed  light  on  the  future  of  multi-fuel  burner  operation  in  that 
non-participatory  species  in  the  combustion  process  can  have  significant  impacts  on  the  flame 
anchoring/lifting  process.  This  is  of  principal  importance  for  adapting  combustors  for 
biogas/multi-fuel  operation  (burner  geometry  to  produce  stable  reaction  zone).  Future 
investigations  in  progress  involve  examining  other  fuels  and  inert  diluents  (including  CCF,  He, 
Ne)  at  similar  mole  fraction  dilution  levels,  to  observe  if  these  trends  can  be  broadly  extended. 
Of  particular  interest  is  the  independence  of  the  ethylene  flame  behavior  from  inert  diluent  type, 
as  well  as  how  the  guidelines  for  multi-fuel  utilization  in  combustion  systems  will  be  impacted. 
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Figure  1:  Flame  stability  plot  demonstrating  various  phases  in  flame  propagation 
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Figure  2:  Apparatus  schematic  utilized  for  fuel  (methane/ethylene)  and  non-reactive  diluents 
(nitrogen/argon)  mixing  and  combustion 
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Figure  3(a):  Pure  ethylene  flame  luminosity  in  comparison  to  high  level  (20%  by  mole  fraction) 
dilution  of  nitrogen. 
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Figure  3(b):  Pure  ethylene  flame  luminosity  in  comparison  to  high  level  (20%  by  mole  fraction) 
dilution  of  argon. 
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Figure  4(a):  Pure  methane  flame  luminosity  in  comparison  to  low  level  (5%  by  mole  fraction) 
dilution  of  nitrogen. 
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Figure  4(b):  Pure  methane  flame  luminosity  in  comparison  to  low  level  (5%  by  mole  fraction) 
dilution  of  argon. 
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Figure  5:  Trends  of  increasing  methane  jet  flame  liftoff  height  from  the  fuel  nozzle  with 
increasing  fuel  velocity  and  increasing  inert  gas  dilution  levels 
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Figure  6:  Trends  of  increasing  ethylene  jet  flame  liftoff  height  from  the  fuel  nozzle  with 
increasing  fuel  velocity  and  increasing  inert  gas  dilution  levels 
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Figure  7:  Trend  of  Non-Dimensional  Methane  Jet  Flame  Liftoff  vs.  Methane  Mass  Flowrate 
with  comparison  of  experimental  to  theoretical  non-dimensional  liftoff  height  using  the  flame 
liftoff  scaling  formulation.  The  scaled  points  are  those  associated  with  the  theoretical  data,  while 
the  other  points  are  experimental  data  points. 
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Figure  8:  Trend  of  Non-Dimensional  Ethylene  Jet  Flame  Liftoff  vs.  Ethylene  Mass  Flowrate 
with  comparison  of  experimental  to  theoretical  non-dimensional  liftoff  height  using  the  flame 
liftoff  scaling  formulation.  The  scaled  points  are  those  associated  with  the  theoretical  data,  while 
the  other  points  are  experimental  data  points. 
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Figure  9:  Comparison  of  Experimental  Non-Dimensional  Liftoff  Heights  To  Corrected 


Theoretical  Non-Dimensional  Liftoff  Heights  using  the  non-dimensional  modification  to 


the  flame  liftoff  scaling  for  methane  jet  flames.  The  corrected  points  are  those  associated 


with  the  theoretical  data,  while  the  other  points  are  experimental  data  points. 
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Figure  10:  Comparison  of  Experimental  Non-Dimensional  Liftoff  Heights  To  Corrected 
Theoretical  Non-Dimensional  Liftoff  Heights  using  the  non-dimensional  modification  to 
the  flame  liftoff  scaling  for  ethylene  jet  flames.  The  corrected  points  are  those  associated 


with  the  theoretical  data,  while  the  other  points  are  experimental  data  points. 
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